Classical signature of ponderomotive squeezing in a suspended mirror resonator 
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The radiation pressure coupling between a low-mass moving mirror and an incident light field 
has been experimentally studied in a high-finesse Fabry-Perot cavity. Using classical intensity noise 
in order to mimic radiation pressure quantum fluctuations, the physics of ponderomotive squeezing 
comes into play as a result of the opto-mechanical correlations between the field quadratures. The 
same scheme can be used to probe ponderomotive squeezing at the quantum level, thus opening 
new routes in quantum optics and high sensitivity measurement experiments. 
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The observation of quantum phenomena in the me- 
chanical interaction between light and macroscopic ob- 
jects (quantum opto-mechanics) is a fundamental prob- 
lem in quantum physics and in experiments involving 
highly sensitive measurements. In particular, the pos- 
sibility of exploiting the opto-mechanical coupling be- 
tween light and mirrors to generate non-classical states of 
light has attracted most of the attention. In suspended 
mirror resonators, the radiation pressure creates correla- 
tions between the field quadratures: amplitude fluctua- 
tions move one mirror through radiation pressure, which 
leads to phase fluctuations. In this way one can ob- 
tain radiation with fluctuations in one quadrature smaller 
than the Standard Quantum Limit (SQL) (ponderomo- 
tive squeezing) [3-0] ■ Experimental systems enabling the 
observation of this phenomenon would also allow other, 
even more relevant investigations, such as quantum non- 
demolition measurements of the field quadratures 043; 
and eventually the creation of entangled states of light 
and one or more oscillators [l-ll] or the observation of 
the quantum ground state of a macroscopic mechanical 
oscillator 
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Despite the extreme relevance of the mentioned pro- 
posals and theoretical studies, quantum opto-mechanical 
phenomena involving macroscopic systems have never 
been experimentally observed. This is mainly due to 
the intrinsic weakness of the radiation pressure quan- 
tum fluctuations with respect to classical noise sources: 
acoustic and thermal to name just a few. An impressive 
sequence of experimental advances has been recently re- 
ported, mainly focused on radiation pressure cooling (T3 - 
221 ] . This technique allowed to approach the observation 
of a macroscopic oscillator in its ground state. Moreover, 
progress in the areas of nano-technology and of Micro- 
Electro-Mechanical Systems (MEMS) approaches the re- 
alization of suitable experimental platforms. 

In this work we have studied experimentally a high- 



finesse Fabry-Perot cavity with a MEMS end-mirror. Al- 
though the opto-mechanical properties of our device are 
not presently sufficient to allow the direct observation 
of quantum phenomena, the physics of ponderomotive 
squeezing comes into play by adding intensity noise to the 
intracavity field. Classical fluctuations in similar systems 
have been recently exploited to show classical analogs of 
quantum noise cancellation 23(] , back-action reduction 
[241 ] and opto-mechanical correlations between two opti- 
cal beams [25[. In this context, our results serve the dual 
purpose to make experimentally evident the physics be- 
hind ponderomotive squeezing, and to prove the validity 
of our experimental scheme in view of a first experiment 
entering the quantum regime. 

Our MEMS sample, realized on a 400 /mi silicon sub- 
strate, consists of an array of double wheel oscillators 
like the one shown in Fig. QJ,. The central mass and the 
arms are 45 /im thick, while the intermediate ring mass 
is 400 fj,m thick. These particular structures has been 
chosen in order to reduce the mechanical coupling be- 
tween the main oscillator and high-frequency modes of 
the whole sample. On the front side of the wafer, a de- 
position of alternate Ta20s/Si02 quarter-wave layers for 
a total thickness of about 5 /Ltm provides the highly re- 
flective coating. One of these double-oscillators is used as 
end mirror of a 12.2 mm long Fabry-Perot cavity with a 
50 mm radius silica input mirror (transmissivity 7~=110 
ppm) operating in a vacuum chamber at 5 ■ 10 -4 Pa. We 
obtained a cavity finesse of J- = 10000, limited by the 
optical losses of the oscillating mirror. The size of the 
reflection dip is 38% of the total power. A FEM (Fi- 
nite Element Method) study predicts the frequency of 
the oscillator fundamental mode at ~ 259 kHz. The cor- 
responding spatial deformation is displayed in Fig. [TJd. 

The experimental setup for the measurement of the 
phase and amplitude fluctuations of the intracavity field 
is sketched in Fig. [TJ;. The light source is a cw Nd:YAG 
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FIG. 1: a) Image of the double wheel oscillator, b) FEM 
calculation of the fundamental mode, c) Scheme of the ex- 
perimental apparatus. O.I.: optical isolator; AOM: acousto- 
optic modulator; EOM: electro-optic modulator; H: half-wave 
plate; Q: quarter-wave plate; PD: photodiode; PBS: polariz- 
ing beam-splitter; BS: beam-splitter. 



laser operating at A=1064 nm. After a 40 dB optical iso- 
lator, the laser radiation is split into two beams. On the 
first one (locking beam), a resonant electro-optic modula- 
tor (EOM1) provides phase modulation at 13.3 MHz used 
for the Pound-Drever-Hall (PDH) detection scheme [26j |. 
The locking beam can be frequency shifted by means of 
two acousto-optic modulators (AOM) operating on oppo- 
site diffraction orders. The intensity of the second beam 
(signal beam) is controlled by an electro-optic modula- 
tor (EOM2) followed by a polarizing beam splitter. Both 
beams are sent to the second part of the apparatus by 
means of single-mode, polarization maintaining optical 
fibers. The two beams are overlapped with orthogonal 
polarizations in a polarizing beam-splitter and sent to the 
optical cavity. The reflected locking beam, on its back 
path, is deviated by the input polarizer of a second opti- 
cal isolator (O.I.I) and collected by a photodiode (PD1) 
for the PDH detection. This PDH signal is used for laser 
frequency locking, while the signal beam is used for the 
squeezing experiment. Since the cavity is birefringent (by 
ps 100 kHz), the two beams are frequency-shifted by the 
same quantity so that they both match the cavity reso- 
nance. Such frequency mismatch has the advantage to 
prevent any spurious interference and reduce the cross- 
talk in the photo-detection. 



The reflected signal beam, suitably attenuated, is 
mixed with a strong local oscillator field, derived from 
the same beam before sending it to the cavity, and mon- 
itored by homodyne detection. At this point, the ratio 
between the signal and the local oscillator intensities is 
1/100. The homodyne detector consists of a half- wave 
plate and a polarizing beam-splitter dividing the beam 
into two equal parts sent to the photodiodes PD3 and 
PD4 whose outputs are then subtracted. The dc com- 
ponent of the resulting difference current is proportional 
to cos 0, where ef> is the optical phase difference between 
the reflected signal and the local oscillator (homodyne 
angle). The piezoelectric-driven mirror M p is modulated 
by a sinusoid generated by the internal oscillator of a digi- 
tal lock-in amplifier. The difference photocurrent is then 
demodulated, integrated and fed back onto M p . This 
procedure fixes <f> in such a way to detect the amplitude 
quadrature. By adding an offset V a ff to the error signal, 
the homodyne angle can be varied, to detect a selected 
field quadrature 5X<p, i.e., a mixture of amplitude (SX±) 
and phase (SX 2 ) fluctuations [271 ]: 



8Xa, = 8X\ cos <f> — 8X 2 sin < 



(1) 



As explained later, when the laser is locked to the cavity, 
the noise spectral density Sao (K//) at frequencies far 
from the mechanical resonance is proportional to cos 2 </>. 
Therefore, the angle <f> can be determined by measuring 
Scx>(V ff), at different offset values. <j) is then obtained 
by inverting the expression S , oo(V r o //)/5 , oo (0) = cos 2 <fi. 

A typical displacement noise spectrum, as obtained 
from the PDH signal after having shut down the signal 
beam and with the laser weakly locked on the cavity, is re- 
ported in Fig. O The signal is calibrated by modulating 
the frequency of the laser through its internal piezoelec- 
tric crystal, with a depth smaller than the Fabry-Perot 
cavity linewidth, and using a phase-sensitive detection on 
the PDH signal. In the case of thermal noise excitation, 
the displacement spectrum at temperature T is given by 
Sf(u) = ^Im x(w) where 



m(ur M — uj 2 — iloum/Q) 



(2) 



is the end-mirror susceptibility, u>m /27T its resonance fre- 
quency and m its effective mass. By fitting the data 
through the expression of S 1 *' 1 at room temperature we in- 
fer w m /2tt - 249300 Hz, Q ~ 5500 and m ~ 1.1 10~ 7 Kg. 
A mass value of m ~ 9.6 10 -8 Kg, in excellent agreement 
with the previous one, is found by extracting the suscep- 
tibility from the response of the mirror displacement to 
amplitude modulated radiation (the method is described 
in detail in Ref. (28|). This allows us to confirm the 
thermal nature of the spectrum around the mechanical 
resonance. 

In order to enhance its amplitude fluctuations, the sig- 
nal beam is intensity modulated by EOM2 to produce 
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FIG. 2: Spectral density of the cavity length fluctuations mea- 
sured without (black) or in presence of the signal beam with 
added intensity noise (green). The red curve is a thermal 
noise fit through the expression of given in the text, at 
room temperature. 

classical intracavity radiation pressure noise. In this po- 
sition (i.e., before the separation of the local oscillator) 
the phase noise added by EOM2 is not relevant for the 
experiment. The electronic noise signal driving EOM2 
is generated by an arbitrary waveform generator, whose 
output (initially with a flat spectrum up to ~ 10 MHz) is 
band-pass filtered with a bandwidth of about 15 kHz cen- 
tered approximately at the mechanical resonance. There- 
fore, it can be safely considered as white noise around the 
mechanical peak (width ~ 45 Hz). The amplitude of the 
electronic noise and the laser power (at the cavity input, 
Pi n ~ 5.6 mW) are chosen so that the force noise due 
to fluctuations of the intracavity radiation pressure is 10 
dB larger than thermal noise force Sp l = — ^plm— . As 
shown in Fig. [5J the displacement noise spectrum mea- 
sured in the PDH signal is indeed enhanced by 10 dB 
and, around the peak, the radiation pressure is now the 
dominant noise source. In this way, we essentially repro- 
duce, at a higher noise level, the physical conditions in 
which ponderomotive squeezing takes place. 

For zero offset we simply detect the amplitude noise 
of the signal beam (black trace in Fig. [3^,) which, in 
our classical analogy, plays the role of the shot noise. 
For nonzero offset values, the noise spectrum consists of 
a mixture of two contributions: amplitude fluctuations, 
which also act on the mirror via radiation pressure, and 
phase fluctuations induced by the consequent mirror mo- 
tion. Far from the mechanical resonance, only the first 
contribution is relevant, and the spectral density is sim- 
ply proportional to cos 2 </>, keeping a constant signal-to- 
noise ratio as expected for classical noise. Approaching 
the frequency region where the opto-mechanical effect be- 
comes important, the resulting noise spectrum falls be- 
low the "shot- noise" level on one side of the mechani- 
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FIG. 3: Noise spectra of the reflected signal beam as the 
homodyne angle is varied, a) <j> =0 (black trace), <j> — —20° 
(blue trace), cj> = —44° (green trace), <f> = —56° (red trace), 
b) 4> = 26° (black trace), <j> = 35° (blue trace), tj> = 45° 
(green trace), <f> = 62° (red trace). Dashed lines are used for 
the theoretical curves. 

cal resonance, while increases on the other side. This 
can be intuitively understood by considering that before 
resonance, force (i.e., field amplitude) fluctuations and 
displacement (i.e., reflected field phase) fluctuations are 
in phase. Above resonance, when the real part of the 
susceptibility has opposite sign, they are in anti-phase. 
The detected quadrature (see Eq. ([1])) reflects this be- 
havior. Indeed, by changing the sign of the offset (i.e., 
of the homodyne angle) the regions of positive and neg- 
ative interference are inverted (see Fig. [3p). We observe 
a maximum noise reduction of 9 dB thanks to the pon- 
deromotive effect, limited by the mirror thermal noise. 
A calculation of the expected signals was performed fol- 
lowing Ref. [2| and adding the homodyne detection, the 
cavity losses and the laser extra-noise. Two examples of 
the theoretical curves, obtained with the previously mea- 
sured opto-mechanical parameters, are shown in Fig. [3J 
The agreement with the experiment is excellent. 

The measurements to show ponderomotive squeezing 
in the quantum regime would be similar to those here 
performed to characterize its classical counterpart. In 
order to produce field fluctuations below the quantum 
noise level, the essential requirement is that the radiation 
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FIG. 4: Noise spectral density, normalized to its Standard 
Quantum Level, calculated for the parameters given in the 
text and a homodyne angle of 10 -4 rad (thick black line). 
Also shown are the different contributions to the total noise: 
vacuum fluctuations entering through cavity losses (blue line) 
and in the beam-splitter that divides signal and local oscil- 
lator (dashed red line); laser amplitude noise (green); laser 
frequency noise (violet); mirror thermal noise (light blue, 
dashed). 



pressure force noise due to the quantum fluctuations of 
the input field (amplified in the cavity) must dominate 
over thermal force noise. In terms of the involved phys- 
ical quantities, TiLo L P m ^T 2 (f) 4 > 2kT 7 -^- (w L /2vr 
is the laser frequency). On the other hand, the input 
field do not need to be strictly shot-noise limited, since 
excess amplitude fluctuations are cancelled, on a suit- 
ably chosen quadrature, by the same mechanism that 
produces quantum noise squeezing. Also laser frequency 
noise and wideband mirror displacement noise are not 
very critical parameters since, close enough to the res- 
onance peak, the effect of force noise on the oscillator 
is strongly enhanced. The wideband frequency and dis- 
placement noise only limits the available range of ho- 
modyne phase and spectral region where the squeezing 
can be observed. As an example, we report in Fig. [4] 
the expected noise, normalized to its quantum level, that 
can be observed in an experiment with realistic param- 
eters. The experiment should be performed at cryo- 
genic temperature pH [28j . and we consider cavity op- 
tical losses of 40 ppm (that we could indeed achieve with 
an accurate cleaning procedure), T = 50 ppm, a cavity 
length of 6 mm (with a free-spectral-range still covered 
by the laser tuning range), Pi n = 30 mW, and slightly 
adjusted parameters of the mechanical oscillator, with 
m = 5 • 10~ 8 kg and ojm/2^ = 100 kHz. A mechan- 
ical quality factor of Q ~ 10 5 is expected considering 
the loss angles of the coating and the silicon structure, 
weighted by their respective thickness (2^|. In the fig- 
ure we also report the different contributions to the total 
noise, that include laser amplitude fluctuations higher 



than the shot- noise level by a factor of 5 [30(, and laser 
frequency noise of 1 Hz 2 /Hz, equivalent to a displacement 
noise of 10 -33 m 2 /Hz. As shown, an observable noise re- 
duction of about 2 dB is within the possibilities of our ap- 
paratus with reasonable improvements. We must remark 
that such an high intracavity power is very challenging 
from the point of view of the dynamic stability @,[l7, 31 1, 
however some degree of squeezing is expected with the 
above parameters even for an input power reduced down 
to 2 mW. A further critical point is the choice and sta- 
bility of the homodyne angle, that must be at the level 
of 10~ 4 rad. This requires: i) a detection of the interfer- 
ence fringes (between the rather strong signal and local 
oscillator fields) with a signal-to-noise ratio of 10~ 4 , in a 
band extending to some tens kHz; ii) an active locking, 
on the same band, with a gain sufficient to reduce the 
in-loop fluctuations at the same level, corresponding to a 
0.1 nm stability of the length of the interferometer arms. 
Both requirements are reasonably obtainable in a refined 
apparatus, according also to our preliminary tests. 

In conclusion, we have studied a high-finesse Fabry- 
Perot cavity with a MEMS end-mirror in which classi- 
cal intensity noise has been added to the input field in 
order to enhance radiation pressure fluctuations. When- 
ever the displacement noise induced by radiation pres- 
sure becomes the dominant noise source, the physics of 
ponderomotive squeezing takes place as a result of the 
(classical) opto-mechanical correlations between the field 
quadratures. Similarly in the quantum regime, the same 
scheme is expected to allow the generation of squeezed 
light. This effect would provide the first demonstration 
of a quantum opto-mechanical effect in a macroscopic 
system, opening the way to an extremely promising ex- 
perimental investigation of a field that involves the foun- 
dations of quantum mechanics. 
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